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work; heat; enthalpy; efficiency; microcalorimeter THE ADVANTAGE OF USING ISOLATED tissue preparations for the study of cardiac energetics arises from the ease of administration of ionic or pharmacological interventions. The disadvantage of their use is that it is difficult to achieve realistic approximations of the mechanics of the intact heart. In situ, the heart repetitively undergoes a pressure-volume-time trajectory consisting of sequential periods of isovolumic contraction, emptying, isovolumic relaxation, and passive refilling. Commonly, experiments consist entirely of unloaded, isometric or, more usually, fixed-end contractions. Such artificial mechanical events are rarely, if ever, encountered by the heart. To enhance our understanding of cardiac energetics, it is thus desirable to adopt contraction protocols that more closely resemble the repetitive pressure-volume-time behavior of the heart. Such approximations have been achieved previously using multicellular, isolated, cardiac preparations. Gibbs and colleagues (6, 22) routinely measured the heat and work output of papillary muscles undergoing afterloaded isotonic contractions, thereby generating characteristic enthalpy-load relations and allowing derivation of the load-dependence of mechanical efficiency. Peterson et al. (21) were the first to apply a computer-based "adaptive" approach to the control of muscle segment length to generate isotonic contractions at any desired afterload. This procedure was adopted by Mellors et al. (17, 18) for the simultaneous measurement of mechanical work output and heat production of papillary muscles. In each of the above experiments, heat production was measured using flatbed thermopiles. By contrast, Hisano and Cooper (11) measured oxygen consumption to assay the energetics of ferret ventricular papillary muscles driven through realistic forcelength loops.
Over the past two decades, trabeculae have become the preferred choice of experimental preparation over papillary muscles for the study of cardiac mechanics. This is a reflection of their much smaller radii, which greatly diminishes the risk of development of hypoxia from insufficient diffusive supply of oxygen (7), while offering more uniform alignment of myocytes. Nonrealistic (typically sinusoidal) (13, 14) and quasirealistic (5) force-length loops have previously been imposed on cardiac trabeculae, but not with the capability of assessing their energy consumption. We have overcome these limitations by the construction of a work-loop calorimeter. With this innovative device, we provide the first measurements of heat production of superfused trabeculae undergoing quasi-realistic force-length work-loops that mimic the pressure-volume workloops generated by the heart with each beat. With these capabilities, we provide the first estimation of the suprabasal, net mechanical efficiency of cardiac trabeculae. We are thus equipped to examine how this vital variable differs in various cardiomyopathies.
METHODS

The Work-Loop Calorimeter
The work-loop calorimeter (Fig. 1 ) comprises two instruments: a sensitive flow-through microcalorimeter for measuring muscle heat output and a force-length controller for imposing work-loop cycles. Both devices are operated and synchronized by a single hardware-and software-based control system. A trabecula is positioned in the center of the microcalorimeter measurement chamber (1 mm internal dimension). Platinum hooks secure the ends of the muscle to the linear motor (upstream) and force transducer cantilever (downstream) via 0.7 mm outer-diameter quartz tubes. Oxygen-and nutrient-rich superfusate is gravity-fed into the measurement chamber and along the length of the muscle. The entire system is contained within a thermally, optically, and acoustically insulated enclosure on a vibrationfree optical table.
Microcalorimeter. The microcalorimeter for measuring the heat output of cardiac trabeculae has been described in detail elsewhere (8, 25, 26) . Briefly, two thermopile arrays, each consisting of three thermopile sensors of 100 thermocouples deposited on a Si 3N4 mem-brane, are mounted 4 mm apart close to the outer surfaces of a glass tube. The three thermopiles that comprise each array are placed in apposition to the bottom and sides of the glass tube. The trabecula produces heat that warms the flowing superfusate. The rate of heat production of the trabecula is estimated from the difference between the voltage signals from the up-and downstream thermopiles. The thermopile sensors in each array are wired in series, yielding a voltage proportional to the temperature difference between the glass tube surface and the surrounding gold-plated brass housing. Thermopile voltages are measured by a pair of synchronized nanovoltmeters (Agilent 34420a) at 13.33 Hz sample rate and transferred to the control computer via a digital interface (National Instruments GPIB-USB-HS).
Force-length controller. The force-length system comprises a lightly sprung linear servomotor (Parker-Daedel MX80) for musclelength perturbation and a custom-made stainless-steel cantilever for force transduction. A single phase of the linear servomotor is driven by a custom low-noise linear amplifier, enabling a controllable displacement range of Ϯ5 mm. Change of muscle length and deflection of the force-transducer are determined by a heterodyne laser interferometer system (Agilent) with ϳ0.3 nm resolution and 20 MHz measurement bandwidth. The linear motor carries a 6.35 mm diameter corner-cube that completes the measurement path of one interferometer channel. The measurement beam of a second interferometer channel is focused on the surface of a stainless steel cantilever (1.5 mm wide by 0.45 mm thick by 10 mm long).
A three-axis laser-interferometer PCI board (Agilent, N1231B) is hosted in a Windows XP desktop computer, where it tracks interferometer positions at 20 MHz. Position and force estimates are transferred via parallel digital outputs to a computer running a software control system in LabVIEW RealTime (2009). A field-programmable gate array (FPGA) card in the control system computer collects, filters, and down samples (to 20 kHz) position and force estimates for use by the LabVIEW RealTime software control system. The desktop computer that hosts the laser interferometer also provides a user interface to the control computer, in addition to enabling data logging facilities in the Windows XP operating system. A length-force control system is implemented in the LabVIEW RealTime programming environment. A 20 kHz Proportional-Integral-Derivative software algorithm with lead-lag compensation transitions between fixed-end, isometric, and isotonic modes of control was used. In fixed-end mode, the upstream end of the muscle is servocontrolled to fixed position; any force developed by the muscle bends the force transducer and thereby slightly reduces muscle length. In isometric mode, muscle length is held constant during force development by moving the linear motor to compensate for the bending of the force transducer. In isotonic mode, muscle length is varied to maintain constant muscle force. Separate sets of control constants are implemented for length-and force-control modes, with bumpless transition. Initial estimates of length-control constants (used in fixed-end and isometric modes) were determined using the ZieglerNichols method (27) and then empirically tuned during alternating (0.5 Hz) motor position set-point changes of Ϯ10 m. Control gains were varied until position overshoot was Ͻ10 nm and settling position error was Ͻ1 nm. When the muscle is first mounted in the device, the control constants used for isotonic control are adjusted to ensure Ͼ99% twitch-force disturbance rejection and stability throughout a muscle twitch. Muscle twitches are elicited by stimulation pulses (of user-determined magnitude, polarity, and repeat frequency) generated in the FPGA and delivered in field-stimulation mode via a linear amplifier, through a platinum electrode. The platinum electrode (not shown) is located downstream of the measurement chamber.
During work-loop experiments, muscle force, and length are alternately controlled to create a force-length loop (Fig. 2 ) that resembles the pressure-volume loop of cardiac muscle in vivo. On elicitation of a muscle twitch (in this example, at L preload, the muscle length at a chosen preload), isometric force is allowed to develop (a) to a user-selected level f. The controller then transitions to isotonic mode, thereby allowing the muscle to shorten (b) until the desired muscle force can no longer be sustained without relengthening. At this point (length L min), the controller operates in isometric mode until the twitch-force dissipates (c), whereupon the muscle is gently restretched (d) to its initial length (Lpreload) over a user-defined period (typically 0.2 s).
Calibration and characterization. The heat sensitivity of the microcalorimeter was calibrated by attaching a 1-mm-long thick-film resistor to the upstream quartz tube and advancing it into the center of The minimum change in motor and force transducer position resolvable by our interferometer is 309 pm. When operating in fixed-end mode (with a muscle producing 3 mN peak force at a rate of 2 Hz) the disturbance rejection of our position controller is sufficient to limit the motor displacement to Ͻ1.8 nm standard deviation.
Calibration of the stainless-steel force transducer was conducted in situ using a separate precalibrated strain-gauge force transducer [World Precision Instruments (WPI) FORT10g]. The WPI transducer was mounted vertically on the linear motor. A quartz tube (700 m OD), with a 100 m stainless steel needle affixed axially at its tip, was attached to the WPI transducer and advanced through the measurement chamber until the point of the needle pressed against the center of the force transducer hook. By advancing the linear motor, forces in the range 0 -12 mN were applied to the force transducer while the laser interferometer signal was measured. The spring constant of the cantilever (measured at the focal point of the laser) was 309.5 N/m (Fig. 3B) . The noise-equivalent force (quantified by the standard deviation of the force noise measured over 10 kHz bandwidth) was 1.1 N. The first resonant frequency of the unloaded force transducer and attachments was measured to be 560 Hz. In isotonic mode, the force disturbance (determined from the ratio of zero-load isotonic to isometric force standard deviations) is typically Ͻ1%.
Potential heat artifacts. Three potential thermal artifacts require consideration: 1) heat from electrical stimulation, 2) heat from movement of the upstream hook and its connecting tube during isotonic (shortening) contraction, and 3) movement artifacts arising from withdrawal of the preparation, together with its hooks and connecting tubes, from the measurement chamber into the mounting chamber to measure the basal rate of heat production of the muscle. As depicted in Fig. 4 (stimulus heat), Fig. 5 (isotonic-movement heat) , and These results imply that the change in differential voltage signals arose from the heat liberated by respiring trabeculae and not from thermal artifacts arising from the sources described above.
Muscle preparation and solutions. Extirpation of trabeculae has been described in detail previously (8, 9) . Briefly, a suitable preparation was dissected from either ventricle of a rat heart under a dissection solution comprising (in mM): 130 NaCl, 6 KCl, 1 MgCl 2, 0.5 NaH2PO4, 0.3 CaCl2, 10 HEPES, 10 glucose, and 20 BDM (2,3-butanedione monoxime). It was then transferred to the work-loop calorimeter containing identical superfusate except for the absence of BDM and an increase of Ca 2ϩ concentration to 2 mM. The pH of the superfusate, vigorously bubbled with 100% O2, was 7.4 (adjusted using Tris). The rate of flow of superfusate was 0.5 l/s. Under this low flow rate, preparations were predicted to have been adequately supplied with oxygen via diffusion (7) . Experiments were conducted at room temperature (22-24°C). Experimental protocols were approved by The University of Auckland Animal Ethics Committee.
RESULTS
We subjected trabeculae to different modes of contraction until both twitch force and rate of heat production reached steady state, using a stimulus frequency of 1 Hz. Figure 7A shows typical length changes (top traces) and force outputs (bottom traces) of a trabecula undergoing fixed-end (i), isometric (ii), unloaded isotonic (iii), and work-loop (iv and v) protocols. Trace i shows a small reduction of length during fixed-end force contraction, whereas muscle length was constant during the isometric contraction (ii). In trace iii, muscle length was controlled to achieve a zero-force (unloaded) isotonic contraction. Traces iv and v show periods of both isometric and isotonic contractions, separated by faint vertical lines.
In Fig. 7B , these forces were plotted as a function of the length for each of the contractions in Fig. 7A . Values of force were converted to stress (by dividing by cross-sectional area) and length was expressed relative to muscle length at which active force was optimal (L o ).
The rate of muscle heat production was simultaneously recorded, as shown in Fig. 8 , under various contraction modes: fixed-end (i), isometric (ii), unloaded isotonic (iii), and workloop (iv to vi). Trace vii shows the diminution of heat rate when the muscle was moved downstream out of the measurement chamber. We infer that the extent of diminution quantifies the rate of basal heat production (3, 15) .
We calculated the area circumscribed by each work-loop, as in Fig. 7 ; this provides an estimate of the external work performed by the muscle (Fig. 9A) . The work-related heat is derived from records, such as those shown in Fig. 8, as the difference between the average rates of heat production during periods of rest and activity, taking into account the rate of stimulation (in this case, 1 Hz) to convert rate of heat to heat. The sum of heat and work yields the change of enthalpy (Fig.  9B) . A measure of mechanical efficiency is given by the ratio of work to enthalpy (Fig. 9C) . Each of these variables is plotted as a function of relative peak active stress. Right: the trabecula was stimulated to perform unloaded-isotonic contractions. In both conditions, the upstream hook and its connecting tube underwent 490 m displacement cycles, which was ϳ20% shortening of muscle length (2.5 mm). The muscle diameter was 200 m. 
DISCUSSION
The need to subject one-dimensional (1D) cardiac preparations to work-loops to approximate the pressure-volume workloops of the 3D heart has long been recognized. Indeed, from their initial investigations Gibbs and colleagues (6) invoked what would now be classified as after-loaded, isotonic, "halfloop" protocols, usually [but see Barclay et al. (1, 17, 18) for clarification] taking care to "correct" for the presence of resting force. Subsequently, Hisano and Cooper (11) measured the oxygen consumption of ferret papillary muscles undergoing full force-length loops. More recently, Barclay (1) and Mellors et al. (17, 18) , using flat-bed thermopiles, measured the thermal response to complete force-length loops by rat papillary muscles. Force-length loops [commonly of a sinusoidal nature (13, 14, 24) but also quasi-realistic (5)] have previously been imposed on isolated cardiac trabeculae and even on single cells (2, 12, 20) . But, as far as we are aware, we are the first to measure the rate of heat production of cardiac trabeculae undergoing quasi-realistic force-length work-loops.
The ability to measure heat and work simultaneously allows us to calculate mechanical efficiency as a function of relative load (Fig. 9C) . We are reassured that the resulting value (ϳ12%) falls in the range of 10 -15% reported by Barclay and coworkers for isolated papillary muscles (1, 17, 18 ), since these investigators were careful to disregard any contribution from passive force. We note, too, that our value coincides with those reported for working rat whole heart preparations by both de Tombe et al. (4) and Neely et al. (19) in their classic paper of 1967. It is of further interest that our value for rat cardiac trabeculae falls at the upper end of the range (8 -13%) reported by Syme (24) for trabecular tissue from the frog ventricle at 20°C. Hence, we consider it highly unlikely that we are overestimating heat production as might occur, for example, if the extent of sarcomere shortening were enough to encounter internal resistance to the sliding of filaments. If such behavior were to occur, it would be during maximal shortening contractions (iii in Fig. 7, for example) , where the negligible work component would have little effect on the profile of mechanical efficiency (Fig. 9C ) and none whatsoever on its maximal value.
The objective of replicating the contractile pattern of the heart in vivo on a cardiac trabecula in vitro requires precise transitioning, both temporally and spatially, between isometric and isotonic contraction modes (Fig. 7) . However, simultaneous measurement of heat production during a force-length loop imposes considerable constraints if the advantages of a "flowthrough" microcalorimeter (8) are to be retained. Principal among these constraints is the impracticality of using any sort of angular displacement motor, because of misalignment of the horizontally oriented glass connecting rods that would occur within the measurement chamber (Fig. 1) . Our linear motor, coupled with highly sensitive laser-interferometer feedback from both the linear length-motor and the force transducer, overcomes this constraint and, through software control, achieves position control resolution of 1.8 nm and force control resolution of 1.1 N.
Limitations. The principal limitation of our device is its current inability to measure sarcomere length. Standard laserdiffraction techniques are ruled out because of the inherent light sensitivity of the thermopiles. A limitation of secondary concern, at least during steady-state measurements, is the relatively low-frequency response of the thermal signals, which is a consequence of adopting a "flow-through" design for the calorimeter.
Advantages. The principal advantage of the flow-through microcalorimetric system is provided by its continuous superfusion of the trabecula, thereby providing constant presentation of oxygen and metabolic substrates and concurrent elimination of waste products. Furthermore, since the preparation is not exposed to a gaseous environment, the issue of condensation of water, with its attendant liberation of heat, as a consequence of the increase of osmolarity that accompanies the accumulation of waste products under conditions of reduced rate of recovery metabolism (10, 16 ) is entirely obviated. The differential mode configuration of the up-and downstream thermopiles rejects the three potential thermal artifacts shown in Figs. 4 -6 . The principal advantage of the highly reconfigurable hardware and software force-length control system is that we can, with great precision, subject trabeculae to various contraction protocols: fixed-end, isometric, auxotonic (23) or isotonic afterloaded, at any desired preload or afterload. Moreover, the advance of using laser-interferometry for the measurement of displacement and force allows the use of a robust, reliable, and nonthermogenic stainless steel force transducer, placed in close proximity to our heat sensor. Fig. 9 . Work (A), change of enthalpy (B), and mechanical efficiency (C) as functions of relative peak active stress (difference between total stress and passive stress). The trabecula (300 m diameter, 3.0 mm long) had a maximum mechanical efficiency of ϳ12%.
